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~ Dawn of the New Era ~
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• Observation of a new particle at ~126 GeV

• ATLAS observed a 5.9σ deviation with combined results              
(3.6σ from H→ZZ(*)→4l only) compatible with SM Higgs boson
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H→ZZ(*)

Hideki Okawa 3

• H→ZZ(*) channels have high sensitivities over wide mass ranges

• H→ZZ(*)→4l : a very good mass resolution with clean signature.                                                          
llqq : high event yield but challenging for low mass region due to large BG.                      
llvv : one of the best sensitivities in high mass region. 

LHC@BNL, October 1, 2012
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LHC & Dataset

Hideki Okawa Mean Number of Interactions per Crossing
0 5 10 15 20 25 30 35 40

/0
.1

]
-1

R
ec

or
de

d 
Lu

m
in

os
ity

 [p
b

0

10

20

30

40

50

60

70

80 Online LuminosityATLAS

> = 19.5µ, <-1Ldt = 6.3 fb0 = 8 TeV, s

> =  9.1µ, <-1Ldt = 5.2 fb0 = 7 TeV, s

• √s=7 TeV data (2011)

• 5.2 fb-1 recorded, 4.7-4.8 fb-1 for 
analyses (~90%)

• Peak stable luminosity 3.6x1033cm-2s-1 

• √s=8 TeV data (2012)

• 6.3 fb-1 recorded until Jun. 18, 5.8 fb-1 for 
analyses (~92%)

• Peak stable luminosity 6.8x1033cm-2s-1

• The latest is recorded luminosity is 14.0 
fb-1  as of Sep. 17, 2012

• It is crucial that the performance is under 
control even with the high pileup conditions
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ATLAS Detector
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H→ZZ(*)→4l Event Selection
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• Single & dilepton triggers

• Require two same-flavor opposite lepton 
pairs 

• Electrons: pT>7 GeV, |η|<2.47; isolated; from IP 

• Muons: pT>6 GeV, |η|<2.7; isolated; from IP  

• Leading lepton pT1,2,3>20,15,10 GeV

LHC@BNL, October 1, 2012

4e candidate

• 50 GeV < m12 < 106 GeV, mthr(m4l)< m34 < 115 GeV, mthr=17.5-50 GeV

• All same-flavor opposite sign pairs mll>5 GeV

• dR(l,l’) > 0.1 (0.2) for all same (opposite)-flavor
Main BG: irreducible ZZ(*), 

reducible Z+jets & ttbar



Electron Reconstruction
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• Improvement in the electron 
reconstruction in 2012. Better recovery 
of bremsstrahlung especially in the 
low-pT region. 

LHC@BNL, October 1, 2012
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• Electron identification efficiency is 
stable against pileup



Muon Reconstruction
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Muons (Staco)

• Very good & flat efficiency throughout 
the pT range

• Track & calorimeter isolations are 
stable against pileup
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ΣpT(ΔR<0.2)/pT<0.15 Pileup-corrected                  
ΣET(ΔR<0.2)/pT<0.15



Mass Resolution
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• Excellent mass resolution allowing for good sensitivity

• Relative mass resolution of ~1-2% for mH=130 GeV

• Further improved by applying mZ constraint on the leading dilepton

LHC@BNL, October 1, 2012
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2l+2μ Background
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• The shapes from MC are used for the fits, and transfer factor is appied to 
the MC in the signal region. 

• Alternative method to use eμ+2μ control region for ttbar
LHC@BNL, October 1, 2012
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2l+2e Background
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• Electron BG can be categorized to (1) heavy-flavor (2) photon conversion (3) light-
flavor jets

• These contributions are extracted from simultaneous fit to # B-layer hits & TRT ratio 



Events in Signal Region

Hideki Okawa 13LHC@BNL, October 1, 2012

 [GeV]12m
50 60 70 80 90 100

 [G
eV

]
34

m

20

30

40

50

60

70

80 a.
u.

0

5

10

15

20

25

30

35

40

45
=125 GeVHm

<130 GeV)
4l

Data (120<m
ATLAS

4lA
(*)ZZAH

-1Ldt = 4.8 fb0 = 7 TeV: s
-1Ldt = 5.8 fb0 = 8 TeV: s

 [GeV]4lm
200 400 600

Ev
en

ts
/1

0 
G

eV

0

5

10

15

20

25

30

35

40

-1Ldt = 4.8 fb0 = 7 TeV: s
-1Ldt = 5.8 fb0 = 8 TeV: s

4lA
(*)ZZAH

Data
(*)Background ZZ

tBackground Z+jets, t
=125 GeV)

H
Signal (m

=190 GeV)
H

Signal (m
=360 GeV)

H
Signal (m
Syst.Unc.

 ATLAS



Exclusions

Hideki Okawa 14LHC@BNL, October 1, 2012

 [GeV]Hm
110 120 130 140 150 160 170 180

SM
m/

m
95

%
 C

L 
lim

it 
on

 

-110

1

10

210
ATLAS

 4lA
(*) ZZAH

-1Ldt =4.8 fb0=7 TeV: s
-1Ldt =5.8 fb0=8 TeV: s

sCLObserved 

sCLExpected 
m 1 ±

m 2 ±

 [GeV]Hm
200 300 400 500 600

SM
m/

m
95

%
 C

L 
lim

it 
on

 

-110

1

10

210
ATLAS

 4lA
(*) ZZAH

-1Ldt =4.8 fb0=7 TeV: s
-1Ldt =5.8 fb0=8 TeV: s

sCLObserved 

sCLExpected 
m 1 ±

m 2 ±

sCLObserved 

sCLExpected 
m 1 ±

m 2 ±

110

• Set limits on σ/σSM at 95% CL using CLs modified frequentist method with 
profile likelihood test statistics

• Observed exclusion: 131 ≤ mH ≤ 162 GeV & 170 ≤ mH ≤ 460 GeV

• Expected exclusion: 124 ≤ mH ≤ 164 GeV & 176 ≤ mH ≤ 500 GeV



Significance & Signal Strength
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H→ZZ(*)→llqq
(2011)



H→ZZ→llqq Event Selection 
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• Single & dilepton triggers

• Dilepton (e,μ) & ≥2 jets          
(83<mll<99 GeV; 70<mjj<105 GeV; 
ΔRjj>0.7)

• Leptons: pT>20 GeV, |η|<2.5 

• Jets: pT>25 GeV, |η|<2.5  

• Missing ET < 50 GeV

• Two signal regions 

• “Tagged”: 2 b-tagged jets

• “Untagged”: # of b-jets < 2

Jet Jet

Muon

Muon

Main BG:                 
Z+jets & ttbar• For mH>300 GeV, jet pT>45 GeV, ΔΦll<π/2, ΔΦjj<π/2 



Jets & Missing ET
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• Jet finding with the Anti-kT algorithm using noise suppressed 
calorimeter clusters (topological clusters) with R=0.4

• Jet energy scale derived from in-situ methods

• Calculated from all the cells in the 
topological clusters. 

• Cell energy is calibrated based on 
its association to physics objects 
(e, γ, τ, jets, μ, or unassociated)

Missing ET (ETmiss)

Jets



H→ZZ→llqq Z+jets BG 
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• Alpgen for Z+light-flavor jets & Sherpa for Z+heavy-flavor jets 

• Fraction of light flavor/c/b is determined by the fit to b-tagging 
discriminants in data

• Normalization of Z+jets is extracted from mjj side-bands                              
(40 GeV<mjj<70 GeV & 105 GeV<mjj<150 GeV)

• However, no correction was needed for the high mH selection. 
LHC@BNL, October 1, 2012
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H→ZZ→llqq Top BG 
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• MC@NLO interfaced with Herwig is used for the Top BG

• Normalization of the Top BG is extracted from mjj side-bands                              
(40 GeV<mjj<70 GeV & 105 GeV<mjj<150 GeV) with reverted ETmiss cut

• WZ/ZZ are directly estimated from MC. QCD multijet is estimated 
with loosened electron ID in the mll sidebands. W+jets is negligible. 



H→ZZ→llqq Signal Region 
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H→ZZ→llqq Results 

Hideki Okawa 22LHC@BNL, October 1, 2012

 [GeV]Hm
200 300 400 500 600

SM
m/

m
95

%
 C

L 
lim

it 
on

 

0

2

4

6

8

10 Observed
Expected

m 1 ±
m 2 ±

ATLAS
 llqqA ZZAH

=7 TeVs, -1Ldt = 4.7 fb0

• Set limits on σ/σSM at 95% CL 
using CLs modified frequentist 
method with profile likelihood 
test statistics

• Observed exclusion: 300 ≤ mH ≤ 322 GeV & 353 ≤ mH ≤ 410 GeV

• Expected exclusion: 351 ≤ mH ≤ 404 GeV



H→ZZ(*)→llvv
(2011)



H→ZZ→llvv Event Selection
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• Two opposite-sign leptons (e,μ) in the mZ window (±15 GeV) 
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• ETmiss > 66 GeV

• 1 < ΔΦ(l,l) < 2.64  

• ΔΦ(pTmiss,pTjet) < 1.5

• ETmiss > 82 GeV

• ΔΦ(l,l) < 2.25, ΔΦ(pTmiss,pTll) ≥ 1 

• ΔΦ(pTmiss,pTjet) < 0.5

Low mH 
Selection

High mH 
Selection



H→ZZ→llvv Diboson BG 
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• WW/ZZ BG is estimated from theory → cross section 
measurements are well consistent with theory in 2011

• ZZ shape uncertainty is estimated using various generators

• WZ normalization is checked in the 3-lepton control region 
LHC@BNL, October 1, 2012
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H→ZZ→llvv Top/W BG 
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• Top BG normalization is 
checked in two control regions 
(mll side-bands with a b-tagged 
jet & eμ final state)

• Estimation is in very good 
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• Normalization was validated with reverting the ΔΦ(pTmiss,pTjet) cut

• Shape uncertainty was extracted from different generators

LHC@BNL, October 1, 2012
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(b)

Figure 4: The azimuthal separation between the missing transverse momentum vector, !p miss
T , and the nearest jet in the event ∆φ(!p miss

T , !p jet
T )

after the Emiss
T requirement, for the high mH search region. Figure (a) refers to the low pile-up data and figure (b) to the high pile-up data.

and calibration of electrons, muons and jets, which are also
all explicitly propagated to the Emiss

T calculation. Uncer-
tainties on the b(c)-tagging efficiency as well as the light-jet
mis-tagging rate are also applied.

Normalisation uncertainties for the signal (gluon fusion
+14%
−10%

and VBF 4%) [24] and for the diboson backgrounds
(11%) are obtained from theory; uncertainties for the in-
clusive Z boson production (2.5%), top quark production
(9%), inclusive W boson production (100%) and for multi-
jet production in the electron channel (50%) are estimated
from data. Where a normalisation uncertainty is obtained
from data, additional detector related systematic uncer-
tainties are only considered if they are likely to affect the
background in the control region and in the signal region
differently.

For the signal, an additional uncertainty is applied to ac-
count for the possible effect of theoretical uncertainties on
the acceptance. This uncertainty is estimated from signal
samples containing variations in the modelling of initial-
and final-state radiation, the renormalisation and factori-
sation scales, which are varied to half and twice their nom-
inal values, as well as variations in the underlying event
tune, which was changed from the default auet2b [68] to
perugia2011 [69], both based on LHC data. An overall
uncertainty of 8.4% (3.4%) is assigned in the low (high)
mass search regions, obtained by the addition in quadra-
ture of the largest deviations observed for each variation.

The luminosity uncertainty is 3.7% and 4.1% for the
low and high pile-up data, respectively, based on the cal-
ibration described in Refs. [11, 12]. Where appropriate,
systematic uncertainties are treated as correlated between
the signal and the different background expectations. The
total systematic uncertainty on the signal and on each of
the background contributions can be seen in Table 1. In
most cases the assigned normalisation uncertainties dom-

inate the total systematic uncertainty, except for the in-
clusive Z boson background, for which the jet energy scale
and resolution uncertainties dominate, and the top-quark
background for which the b-tagging uncertainty dominates.
In the low mH search using the high pile-up data, the un-
certainty on the inclusive Z boson background uncertainty
dominates the overall uncertainty.

7. Results

After the event selection, the Higgs boson search is per-
formed by looking for an excess of data over the SM back-
ground expectation in the transverse mass distribution of
the selected eeνν and µµνν events. The transverse mass
is calculated from the lepton pair and the "p miss

T vector as:

m
2
T ≡

[

√

m2
Z + |!p !!

T |2 +
√

m2
Z + |!p miss

T |2
]2

−
[

!p
!!

T + !p
miss

T

]2
.

Figure 5 shows the mT distributions in the low and high
mH search regions with the expected signal for a Higgs
boson mass of 200 GeV, 400 GeV and 600 GeV. The low
pile-up and high pile-up data are shown separately.
The number and distribution of candidate H → ZZ →

#+#−νν̄ events observed in the data agree with the ex-
pected backgrounds. No indication of an excess is seen,
with a smallest p0-value of 0.05 at mH=280 GeV, where
p0 represents the probablility that a background-only ex-
periment would yield a result that is more signal-like than
the observed result. Upper limits are set on the Higgs bo-
son production cross section relative to its predicted SM
value as a function of mH. The limits are extracted from
a maximum likelihood fit to the mT distribution follow-
ing the CLs modified frequentist formalism [70] with the
profile likelihood test statistic [71]. All systematic uncer-
tainties are taken into account.

7



H→ZZ→llvv Results 

Hideki Okawa 29LHC@BNL, October 1, 2012

 [GeV]Hm
200 250 300 350 400 450 500 550 600

SM
m/

m
 9

5%
 C

L 
lim

it 
on

 

0

1

2

3

4

5 Observed
Expected

m 1±

m 2±

 2011ATLAS

iillAZZAH

=7TeVs, -1Ldt=4.7fb0

• Observed exclusion: 319 GeV ≤ mH ≤ 558 GeV (currently the highest 
mass exclusion among the ATLAS Higgs search channels)

• Expected exclusion: 280 GeV ≤ mH ≤ 497 GeV

• Set limits on σ/σSM at 95% CL 
using CLs modified frequentist 
method with profile likelihood 
test statistics
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Summary

Hideki Okawa

• We have observed a new particle with a mass~126 GeV

• High mass SM Higgs is excluded up to 558 GeV

• There are investigations ongoing to reveal the properties of 
this new particle. Stay tuned!

HSG2: H→ZZ→llνν and Z(H→inv) Analysis, July 25, 2012
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The normalisations of the Z + jets and top quark backgrounds are redetermined for each systematic
variation following the procedures described in Section 4.

6. Results

Table 1 shows the numbers of candidates observed in data for each of the four selections compared with
the background expectations. Figure 3 shows the m!!jj distributions for both the tagged and untagged
channels for the low- and high-mH selections.

Table 1: The expected numbers of signal and background candidates in the H → ZZ → !+!−qq̄ channel, along with the
numbers of candidates observed in data, for an integrated luminosity of 4.7 fb−1. The low-mH analysis is applied when
searching for a Higgs boson with mH < 300 GeV and the high-mH analysis for mH ≥ 300 GeV. The first error indicates the
statistical uncertainty, the second error the systematic uncertainty.

Untagged Tagged

Low-mH High-mH Low-mH High-mH

Z+jets 36190± 80± 640 1450 ± 14 ± 35 239 ± 6 ± 15 11 ± 1 ± 2

Top 85± 3± 10 7.1± 0.7± 0.8 23 ± 1 ± 3 1.9± 0.4± 0.5

Multijet 15± 0± 8 0.2± 0.0± 0.1 < 0.1 < 0.1

ZZ 348± 3± 47 25 ± 1 ± 3 22 ± 1 ± 4 2.3± 0.3± 0.4

WZ 434± 4± 70 45 ± 1 ± 7 0.7± 0.2± 0.3 < 0.2

Total background 37070± 80± 670 1530 ± 14 ± 37 285 ± 6 ± 18 15 ± 1 ± 2

Data 36898 1444 286 18

Signal

mH = 200 GeV 118± 2± 19 6.4± 0.4± 1.3

mH = 300 GeV 24.3± 0.7± 4.1 2.1± 0.2± 0.4

mH = 400 GeV 40.5± 0.5± 6.4 4.4± 0.2± 1.0

mH = 500 GeV 18.5± 0.2± 3.1 2.0± 0.1± 0.5

mH = 600 GeV 6.3± 0.1± 1.1 0.7± 0.0± 0.2

No significant excess of events above the expected background is seen; the smallest p0 value is 0.15 at
mH = 540, where p0 represents the probability that a background-only experiment would yield a result that
is more signal-like than the observed result. Upper limits are set on the SM Higgs boson cross section at
95% CL as a function of mass, using the CLs modified frequentist formalism with the profile likelihood test
statistic [67, 68]. This method is based on a likelihood that compares, bin-by-bin using Poisson statistics,
the observed m!!jj distribution to either the expected background or the sum of the expected background
and a mass-dependent hypothesised signal. The tagged and untagged channels, which contribute approxi-
mately equally across the mH range, are combined by forming the product of their likelihoods; systematic
uncertainties, with their correlations, are incorporated as nuisance parameters. Figure 4 shows the resulting
upper limit on the cross section for Higgs boson production and decay in the channel H → ZZ → !+!−qq̄
relative to the Standard Model cross section as a function of the hypothetical Higgs boson mass.

7. Summary

A search for the SM Higgs boson in the decay mode H → ZZ → !+!−qq̄ has been performed in the
Higgs mass range 200 to 600 GeV using 4.7 fb−1 of

√
s = 7 TeV pp data recorded by the ATLAS experiment

at the LHC. No significant excess over the expected background is found. A Standard Model Higgs boson
is excluded at a 95% CL within the range 300 GeV ≤ mH ≤ 322 GeV and 353 GeV ≤ mH ≤ 410 GeV. The
corresponding expected exclusion range is 351 GeV ≤ mH ≤ 404 GeV at 95% CL.
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